Expression of the Salmonella typhimurium pyrC and pyrD genes is regulated in response to fluctuations in the intracellular CTP/GTP pool ratio. The repressive mechanism involves the formation of a stable secondary structure (hairpin) at the 5' ends of the transcripts that precludes translational initiation by sequestering sequences required for ribosomal binding. The potential for hairpin formation is controlled through CTP/GTP-modulated selection of the transcriptional start site. Substitution of nucleotides in the region of transcriptional initiation has revealed that selection of the transcriptional start point in vivo depends on the nucleotide context within the initiation region and the nucleoside triphosphate pool ratios. For maximal control in response to CTP/GTP pool ratios, the wild-type CCGG start site motif appears to be optimal. Changing the -35 region in the pyrC promoter to the consensus sequence, or replacement of the pyrC promoter with the lac promoter from Escherichia coli, has served to illustrate that the ability of the RNA polymerase to select the initiation site in response to the intracellular nucleoside triphosphate pools is not promoter specific but is determined by the kinetic properties of the initiating RNA polymerase during the formation of the first phosphodiester bond of the transcript.
The Salmonella typhimuriumpyrC andpyrD genes encode the third and the fourth enzymes of the UMP biosynthetic pathway, namely, dihydroorotase and dihydroorotate dehydrogenase. Expression of these unlinked genes is regulated in response to fluctuations in the intracellular CTP/GTP pool ratio through modulation of the leader region of the transcript (4, 8, 25) . High CTP/GTP pool ratios repress expression as a consequence of the production of an mRNA initiated with a CTP, 6 or 7 bp downstream of the -10 region (C at position -1 or + 1 [ Fig. 1]) ; this transcript is inefficiently translated because of its capacity to form a stable secondary structure (hairpin) at the 5' terminus, thereby sequestering sequences necessary for ribosomal binding. Under a low CTP/GTP pool ratio, the predominant start site is not C at position -1 or + 1, but occurs with GTP, 2 or 3 bp further downstream (G at position +3). This shorter transcript has reduced potential to form a stable secondary structure at its 5' end, and translation occurs unhindered. Evidence that a similar regulatory mechanism controls expression of the Escherichia coli pyrC gene has recently been presented (26) .
The effect of the relative nucleoside triphosphate concentrations on the in vivo selection of the transcriptional start point is dependent on the nucleotide sequence in the initiation region. Relocating the site for the first G nucleotide within this region 1 bp closer to the -10 region of the S. typhimunium pyrC and pyrD promoters established it as the predominant start point even when the CTP/GTP pool ratio was high. However, when the G at position +3 was changed to a C, thereby effectively moving the first G 1 bp further downstream, C at position +1 was the primary start point even when the CTP/GTP pool ratio was low (4, 25) .
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alterations within the initiation region on the distribution of transcriptional start sites has been further examined. Additionally, the impact of structural changes in the promoter on substrate-sensitive selection of the transcriptional initiation site by RNA polymerase has been investigated.
MATERUILS AND METHODS
Bacterial strains. The strains used are derivatives of S. typhimurium LT2: JL1280 (pyrG1611,ea4, cdd-7 udp-2 glp7) was from J. L. Ingraham, and strain SL4213 (metA22 metE55 galE496 rpsLl20 ilv xyl-404 Fels2-Hl-b nml-H2-enx hsdL6 hsdSA29) was from B. A. D. Stocker; KP1725 (pyrH16311eaky cdd-9 cod-8 deoD201 udp-11) has been described previously (21) .
Plasmid constructions. The plasmids used are translational fusions based on expression vectors pRAK81 and pRAK82 (12, 25) , derived from pNM481, pNM482 (20) , and a lowercopy-number derivative of pJRD158 (3). The pRAK vectors contain a multiple cloning site in front of the eighth codon of lacZ and are devoid of most of the lacY gene. The pyrC promoter-leader and the first 10 codons were fused in frame to lacZ in pRAK81. The various pyrC promoter and leader mutations were transferred from recombinant M13 phages to pRAK plasmids (12, 25) . Translational pyrD-lacZ fusions include the promoter-leader region and the first 17 codons of pyrD fused in frame to lacZ of pRAK82. The cloning procedure for the regulatory pyrD mutations has been described previously (4) .
Plasmid pKIS42, which contains the lac promoter fused to the pyrC transcriptional start region, was constructed from plasmids pRZ8028 (27) and pKIS36 as illustrated in Fig. 2 Media and growth conditions. Bacterial cultures used for enzyme assays and for isolation of RNA were grown in AB minimal medium (2) containing 0.2% glucose and 0.2% Casamino Acids. Supplements, when included, were added at the following concentrations: tetracycline, 10 ,ug/ml; ampicillin, 50 ,ug/ml; cytidine, 40 ,ug/ml; uracil, 20 ,ug/ml; and guanine, 15 ,ug/ml. Strain KP1725 contains a partially defective UMP kinase due to the pyrH1631 mutation and is therefore starved for pyrimidine nucleotides even when grown in the presence of uracil (9) . When this strain is grown in the presence of cytidine, it contains high CTP and lowered UTP pools. The pyrG1611 allele of JL1280 encodes a partially defective CTP synthetase resulting in low intracellular cytosine nucleotide pools, and high UTP pools when the strain is grown in the absence of cytidine. In the presence of exogenous cytidine, the pools are normalized (16) . Either strain can be used to independently manipulate the CTP pool to monitor CTP-mediated transcriptional start site selection. The strains were transformed with the appropriate plasmid constructs and grown in repressing (cytidine-added) or derepressing (cytidine-absent) conditions. DNA techniques. Methods for plasmid isolation, restriction endonuclease digestion, ligation, and transformation have been described previously (22) . Plasmid constructs were initially selected in an appropriate E. coli strain and subsequently transformed into restriction-negative S. typhimunum SL4213, before transformation to the final S. typhimurium host. The chain termination method of Sanger et al. (24) was used for DNA sequencing with M13 templates.
Site-directed mutagenesis. Specific mutations were introduced into thepyrC andpyrD promoter-leader regions by the method of Kunkel (14) . Uracil-containing DNA from phage M13mpl8/DZ1, harboring the pyrD promoter-leader region and a limited amount of the coding sequence (4), or from M13mpl8, carrying the comparablepyrC elements, was used as the template. The oligonucleotides used for mutagenesis were as follows (altered bases are underlined): The mutations in the pyrD leader region of pMMF25 and pMMF29 pertain to pyrDr2O and pyrDY7, respectively, and were cloned from the chromosome of the corresponding regulatory mutants as described previously (4). Enzyme assays. Crude cellular extracts for enzyme assays were prepared by sonically disrupting the cells (21) . The procedures for determining the activities of the following enzymes have been published previously: dihydroorotase (11), dihydroorotate dehydrogenase (10), and 3-galactosidase (19) . The level of plasmid-encoded P-lactamase was used as a relative measure of plasmid copy number (7). Protein was determined by the method of Lowry et al. (15) .
Primer extension. Total RNA was extracted from exponentially growing cells containing the appropriate plasmids essentially as described by Lu et al. (16) . Analysis of the 5' end of the pyrC and pyrD transcripts was carried out by primer extension with Moloney murine leukemia virus reverse transcriptase (4, 25) . The primers used were complementary to the first six codons of pyrC (5'CCTGGGATG GTGCAGTC3'), or to codons 4 to 9 ofpyrD (5'GGC1TJTlAC GAACGAAGGG3'). Extension products were resolved on an 8% polyacrylamide sequencing gel alongside DNA sequence ladders.
RESULTS
Effects of mutations in the start site motif on transcriptional initiation. The transcriptional start point is typically located 6 to 9 bp downstream of the 3' end of the -10 region of E. coli promoters (5, 6) . More than 90% of all transcripts are initiated with a purine nucleoside triphosphate, suggesting that ATP and GTP are kinetically favored as the initiating nucleotide by the RNA polymerase. However, the mechanism by which the RNA polymerase selects nucleotides within the transcriptional initiation region is unknown. Previous results have demonstrated that both the relative intracellular concentrations of CTP and GTP and the nucleotide context in the initiation region influence the selection of the transcriptional initiation site for the S. typhimurium pyrC andpyrD promoters (4, 25) . To gain further insight into these aspects, several nucleotides within the transcriptional start region ofpyrC andpyrD were mutated and the effect in vivo of these mutations on the distributions of the mRNA 5' ends was determined under conditions facilitating variations in the intracellular nucleoside triphosphate pools.
The wild-type and mutant promoter-leader regions were fused in frame with lacZ on a multicopy plasmid. The plasmids were introduced into the appropriate host strains, and total RNA was extracted and used to determine the 5' ends of the transcripts through primer extension analysis.
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The results obtained are summarized in Fig. 3 . With an elevated CTP pool, the start sites with CTP at position +1 predominated in the wild-typepyrC situation (experiment 1), whereas the preferred start sites in the wild-type pyrD situation included C at position -1 as well as at position + 1 (experiment 2). When the CTP pool was low, initiation with GTP at position +3 predominated for both promoters.
Mutation of the C at position + 1 to a T in either pyrC (pKIS35) or pyrD (pMMF25) resulted in U at position + 1 being the predominant start site in either growth condition (experiments 3 to 5). The efficient use of UTP as the initiating nucleotide was further demonstrated by the results obtained with pMMF29, which has a C to T change at position +2 (experiment 6). A strong preference for the use of the mutated site as the transcriptional start point (i.e., initiation with UTP) occurred in either growth condition. With pKEB4, in which C at position + 1 and C at position +2 of pyrD were both changed to T, multiple transcriptional starts were evident (experiment 7), with the primary starts occurring with UTP at position + 1 and with GTP at position +3. This initiation pattern was unaffected by changes in the level of the CTP pool.
Primer extension analysis of RNA from pKIS39 (C at position + 1 of pyrC was changed to an A) showed that the predominant transcriptional start was with ATP at position + 1 in both growth conditions. A limited amount of initiation with GTP at position +3 was also observed after prolonged exposure of the autoradiogram, but only in the low-CTP condition (experiment 8).
Experiment 9 (Fig. 3) shows the transcriptional initiation patterns from pKIS36, which has T at position -1 in pyrC replaced by G, thereby creating a GCCGG initiation region. In repressing conditions (high CTP), transcription was initiated with GTP at position -1. Significantly, however, the predominant start in the low-CTP condition occurred with GTP at position +3.
Transcriptional initiation specified by other promoter structures. Previous studies with the lacUVS promoter have shown that mutations in the nontranscribed region of the lac promoter may alter the transcriptional initiation pattern (1) . Since the -35 region of thepyrC andpyrD promoters differs significantly from that for the E. coli consensus promoter, consideration was given to whether this could be an important factor in promoting flexibility in the selection of the transcriptional initiation site. To address this aspect, the -35 region of the pyrC promoter was changed from GTGCAA to the consensus sequence TTGACA. The mutated -35 region was introduced into the pyrC-lacZ fusion of pJRC49, yielding pKIS40. Expression of pyrC-lacZ from pKIS40 was found to be twofold higher than from the wild-type promoter of pJRC49, and expression from both plasmids was repressed by exogenous pyrimidines (Table 1 ). In accordance with these results, primer extension analysis of RNA obtained from JL1280 harboring the individual plasmids showed that the overall initiation pattern was similar for the two constructs (Fig. 4) .
To investigate whether the substrate-sensitive selection of the transcriptional initiation site is promoter specific, the pyrC promoter of pKIS36 was replaced with the E. coli lac promoter from pRZ8028, yielding plasmid pKIS42. The promoters of pKIS36 and pKIS42 have identical transcriptional start site motifs (Fig. 2) and express pyrC-lacZ with almost the same level of pyrimidine regulation (Table 1) . Primer extension analysis of RNA extracted from JL1280 containing pKIS36 and pKIS42 revealed that the distribution of transcriptional start sites was virtually identical from the pyrC and lac promoters (Fig. 5) . In high-CTP conditions, the G at position -1 was preferred as the start point, whereas starts with G at position +3 were selected when the CTP pool was low. However, for the pyrC promoter a slightly higher level of transcripts initiated with G at position -1 was observed in low-CTP conditions.
DISCUSSION
Initiation of transcription from the S. typhimurium pyrC and pyrD promoters exhibits heterogeneity in the selection of the transcriptional start site. Selection of the start site within the (C)CCGG motif depends on the intracellular concentrations of the initiating nucleoside triphosphates, CTP and GTP. Heterogeneity in transcriptional initiation has been described previously for in vitro transcription from the lac (1) and the aroH (28) promoters and for in vivo transcription from some rRNA cistrons (17) . However, regulatory consequences of 5' end heterogeneity specified from a single promoter have been reported only for the pyrC and pyrD genes of S. typhimunum (4, 25) Previous studies have indicated that transcriptional initiation with GTP is strongly favored over initiation with CTP when the start site is similarly positioned with respect to the -10 region (4, 25) . Therefore, the T to G mutation of pKIS36 could be expected to direct transcriptional starts with GTP at position -1 in either repressing or derepressing growth conditions, resulting in low-level constitutive expression. The results obtained (Fig. 3, experiment 9 ) showed that initiation with GTP at -1, was, in fact, predominant when the CTP pool was high. However, with a low CTP pool, transcriptional initiation defaulted to G at position +3. As a consequence, expression from pKIS36 in JL1280 was pyrimidine regulated almost to the same extent as that of the wild type (Table 1 ). This CTP pool-dependent switch in start site from G at position -1 to G at position +3 indicated that the intracellular concentration of the second nucleoside triphosphate to be incorporated into the mRNA (i.e., formation of the first internucleotide bond) also has a profound effect on the selection of the start site. This was further supported by the observation that changes in the CTP pool imparted an alteration in the initiation pattern from pMMF25 (Fig. 3 , experiment 5) and pKIS35 (Fig. 3, experiments 3 and 4) , both of which have TCGG as the start site motif. With either plasmid, a low CTP pool still mediated initiation with GTP at +3, and for pKIS35, the increased UTP pool of JL1280 relative to KP1725 did not preclude a shift to G at position +3. When the C of this sequence was changed to a T, as in pKEB4, the initiation pattern was CTP pool independent (Fig. 3, experiment 7 with that for the wild-type situation of pJRC49 (Fig. 3 , experiment 9 versus experiment 1) demonstrated that initiation with GTP at position -1 is preferred relative to initiation with UTP at the same position. Primer extension mapping of the mutants with a C to T change in the start site motif indicated that UTP is preferred over CTP as the initiating nucleotide. With pKIS35 and pMMF25, where both have the start site sequence TCGG, starts with U at position + 1 occurred at least as often as starts with G at position +3, regardless of the growth conditions (Fig. 3, experiments 3 and 5). This is distinct from the wild-type situation in which transcription initiated from G at position +3 is strongly favored over that from C at position + 1 when the CTP pool is low (Fig. 3, experiments 1 and 2) . The preferred usage of UTP over that of CTP can be further illustrated by examining the results for pMMF29, for which initiation was almost exclusively confined to UTP at position +2 (Fig. 3, Primer extension mapping of pyrC transcripts isolated from JL1280 harboring various plasmids: pKIS36, pyrC promoterleader with a T to G mutation at position -1; and pKIS42, lac promoter-pyrC leader construct. In both plasmids, the promoterleader regions were fused in frame to the eighth codon of lacZ. Cultures were grown without (-CR) or with (+CR) cytidine and uracil. Lanes 1 and 2, pKIS36; lanes 3 and 4, pKIS42. The lanes representing the sequence ladder have been labeled as the complement to facilitate direct correspondence with the transcript. ment 6), despite C at position +1 having the consensus spacing from the -10 region. Since the CTP and UTP pools in KP1725 are of similar size in derepressing conditions (8), these results can be interpreted as showing that UTP is bound more efficiently than CTP by RNA polymerase during initiation. The predominance of UTP-initiated transcripts was not anticipated since only a small percentage of all known E. coli promoters direct initiation with UTP (5, 6) .
The results obtained for pKIS39 indicated that initiation with ATP is highly preferred. Virtually all transcripts were initiated with A at position + 1 and only a few starts with G at position +3 were observed in either growth condition. This was not unexpected given that the intracellular ATP pool is high in both conditions, and that A at position +1 is at consensus spacing from the -10 region in this construct. Furthermore, more than 50% of all known E. coli promoters utilize ATP as the initiating nucleotide, suggesting that such starts are kinetically advantageous (5, 6) .
The finding that the selection of the transcriptional start point is influenced by the concentration of both the first and the second nucleotides is consistent with the observations from in vitro studies of McClure et al. (18) and Nierman and Chamberlin (23) (Fig. 4) is consistent with previous findings (13) . Replacing the entire pyrC promoter on pKIS36 with the E. coli lac promoter, without alteration of the start site motif, did not result in any significant difference in the distribution of transcripts (Fig. 5) . Consistent with this, the levels of synthesis of hybrid ,B-galactosidase from pKIS42 and pKIS36 were similar and were pyrimidine regulated to the same extent. Since the E. coli wild-type lac promoter has -35 and -10 regions with good homology to consensus, and with an 18-bp spacing between them, the lac promoter is different both in sequence and in structure from the pyrC and pyrD promoters. Thus, the ability of the initiating RNA polymerase to select the transcriptional start site in response to fluctuations in the nucleoside triphosphate pools is apparently independent of promoter structure and sequence. Rather, selection is dependent on the nucleoside triphosphate concentration and the sequence of the start region, with the precise transcriptional start point defined as the site where the concentration of the nucleotide(s) corresponding to the first and second residues of the transcript facilitates productive initiation.
In thepyrC andpyrD promoters, the initiation kinetics of RNA polymerase have been utilized to create a regulatory mechanism optimized to sense changes in the level of the CTP pool. Inclusion of the (C)CCGG start motif within a region of dyad symmetry allows for fluctuations in the intracellular CTP pool to be reflected through the production of variable transcripts having different potentials for translation. Consequently, a change of any nucleotide within the start site motif can affect both the pattern of transcriptional initiation and the potential for translation, resulting in altered gene expression and regulation.
